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ABSTRACT 

The timekeeping a b i l i t y  o f  a p ro to type small  pass ive 

hydrogen maser developed a t  NBS was r e c e n t l y  compared 

t o  UTC(NBS) based on 10 cesium frequency standards 

i n c l u d i n g  a l a r g e  pr imary  standard, NBS-4. The f r e -  

quency o f  t h e  pass ive maser was monitored as a f u n c t i o n  

o f  source pressure,  c a v i t y  temperature, microwave 

power, modulat ion width,  and magnetic f i e l d .  Based on 

these measurements one would expect a frequency s t a b i l i t y  

o f  b e t t e r  than 6 x 1 O - l ’  over many days, imp ly ing  a 

t imekeeping a b i l i t y  o f  o rder  0.5 ns/day. Measurements 

vs.  UTC(NBS) i n d i c a t e  a j o i n t  t imekeeping s t a b i l i t y  o f  

o rder  1 .2  ns/day. I n  o rder  t o  o b t a i n  a b e t t e r  est imate 

o f  t h e  maser performance, simultaneous t ime measurements 

were made between NBS-4, UTC(6600), and t h e  small  

pass ive  maser. UTC(6600) i s  a t ime sca le  composed of 

n ine  commercial cesium standards. The est imates f o r  

t h e  t ime s t a b i l i t y  o f  each were: 

Small pass ive maser 0.99 k 0.4 ns/day 

NBS-4 0.74 f 0.3 ns/day 

UTC( 6600) 0.74 k 0.3 ndday 
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Peak t o  peak t ime v a r i a t i o n s  o f  t h e  small  pass ive maser 

vs  UTC(6600) was 10 ns f o r  t h e  f u l l  32 days i f  t h e  

average r a t e  and d r i f t  are taken i n t o  account. 

The frequency s t a b i l i t y  o f  t h e  small  pass ive maser vs 

UTC(NBS) was IJ (t) = 1.1 x f o r  t = 1 t o  8 days 

based on 32 consecut ive days o f  data. 
Y 

*Cont r ibu t ion  o f  t h e  Nat iona l  Bureau o f  Standards; n o t  

sub jec t  t o  copy r igh t  i n  t h e  Un i ted  States.  

INTRODUCTION 

The NBS pass ive hydrogen maser program has been d i r e c t e d  toward 

t h e  achievement o f  except ional  long-term frequency s t a b i l i t y  i n  

o rder  t o  p rov ide  a s ta te -o f - the -a r t  frequency reference and bas is  

f o r  improvements i n  t h e  s t a b i l i t y  o f  UTC(NBS), our o f f i c i a l  t ime 

scale.  Two major advances have been made. The f i r s t  demon- 

s t r a t e d  v i r t u a l l y  unequal led frequency s t a b i l i t y  from 1 t o  4 days 

us ing  a pass ive f u l l - s i z e d  hydrogen maser c a v i t y  design [1,2]. 

The second mi lestone, which i s  descr ibed i n  d e t a i l  here, demon- 

s t r a t e s  t h a t  s i m i l a r  performance can be a t t a i n e d  i n  a more rugged 

pass ive design t h a t  i s  about a f a c t o r  o f  5 smal ler  i n  s ize ,  weight,  

and c o s t  than any prev ious design. Such a design i s  eminent ly 

s u i t a b l e  f o r  use i n  p r e c i s i o n  t ime scales as w e l l  as space and 

f i e l d  use. 

SMALL P A S S I V E  MASER 

Many o f  t h e  fea tures  o f  t h e  small  pass ive maser were descr ibed 

e a r l i e r .  B r i e f l y ,  t h e  pass ive maser a l lows f o r  lower c a v i t y  
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Q's, which permi ts  d i f f e r e n t  approaches t o  the  c a v i t y  design (see 

Fig. 1). The type used here u l t i m a t e l y  leads t o  a smal ler  c a v i t y  

package [3]. Other small  c a v i t y  designs have been proposed [4,5,6]. 

The c a v i t y  i s  a convent ional  TEOll mode w i t h  the  a d d i t i o n  o f  low 

l o s s  alumina d i e l e c t r i c  ma te r ia l  on the  i n s i d e  o f  t he  e l e c t r i c a l  

w a l l .  The c a v i t y  design i s  a r i g h t  c i r c u l a r  c y l i n d e r  w i t h  a bore 

down the  c e n t r a l  ax is .  The ends o f  t he  bore are capped w i t h  the 

same alumina d i e l e c t r i c  ma te r ia l .  The c losed c e n t r a l  bore then i s  

t h e  hydrogen storage volume. It i s  t h e r e f o r e  poss ib le  t o  achieve 

good f i l l i n g  f a c t o r  w i t h  t h i s  geometry, s ince t h e  instantaneous rf 

magnetic f i e l d  reverses s ign  i n  the  d i e l e c t r i c  and n o t  i n  the  open 

bore, which has the  volume o f  hydrogen being in ter rogated.  This 

geometry a l s o  has the  b e n e f i t  o f  good symmetry about a l l  axes o f  

t h e  rf magnetic f i e l d  i n  the  storage volume (see Fig.  2). 

Most masers use a convent ional  TE mode microwave c a v i t y  w i t h  a 

diameter o f  about 2 1  cm and l e n g t h  o f  about 50 cm. The lumped 

constant  equ iva len t  c i r c u i t  f o r  such a c a v i t y  cons is t s  o f  an 

inductance L i n  se r ies  w i t h  a capacitance C i n  se r ies  w i t h  a 

res i s tance  R. The i n s e r t i o n  o f  t he  low-loss d i e l e c t r i c  a f f e c t s  

t h e  propagat ion constant  E thus i nc reas ing  C and decreasing t h e  

frequency o f  t he  c a v i t y .  The o v e r a l l  dimension o f  t he  c a v i t y  can 

then be reduced t o  compensate f o r  t he  e f f e c t  o f  t he  d i e l e c t r i c .  

Symmetry, d i e l e c t r i c  constant,  o v e r a l l  dimension, and f i l l i n g  

f a c t o r  are then considered i n  order  t o  achieve an optimum geometry. 

The e f f e c t  o f  t h e  frequency o f  t he  TEOllmode i s  taken i n t o  account 

a t  t h i s  stage. The d i e l e c t r i c  l oad ing  o f  t he  c a v i t y  a f f e c t s  the  

e l e c t r i c  f i e l d .  The rf magnetic f i e l d  (which e x c i t e s  the  atoms) 

i s  pinned t o  t h e  de f i ned  o r i e n t a t i o n  o f  t he  e l e c t r i c  f i e l d s  w i t h i n  

t h e  c a v i t y .  It i s  p o s s i b l e  t o  choose a c a v i t y  open diameter so 

t h a t  t he  o s c i l l a t i n g  a x i a l  H f i e l d  does n o t  reverse s i g n  w i t h i n  

t h i s  volume. Consequently, t he  i n s i d e  bore can s u b s t i t u t e  for t he  

011 
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storage b u l b  used i n  a convent ional  maser w i t h  l i t t l e  compromise 

i n  the f i l l i n g  f a c t o r  (see Fig.  3) [3]. A p i c t u r e  of the completed 

small  maser c a v i t y  and s h i e l d  assembly i s  shown i n  F ig .  4. 

MEASUREMENTS OF PERFORMANCE 

I d e n t i c a l  designs were used f o r  two small  passive hydrogen masers 

(H3 and H4) which have the  same l i n e w i d t h s  (about 1Hz) and the  

same S/N r a t i o s .  Other c locks used i n  the  comparisons are the  

cesium standard NBS-4 and the  UTC(6600), a t ime scale c o n s i s t i n g  

o f  n ine commercial cesium clocks.  

The f i r s t  s e t  o f  data was compiled based on a 32 day un in te r rup ted  

comparison between H3, NBS-4, and UTC(6600). These th ree  sources 

were t r e a t e d  as independent c locks.  By simultaneously comparing 

t h r e e  independent c locks,  i t  i s  poss ib le  t o  deduce the  s t a b i l i t y  

o f  each i n d i v i d u a l  c lock.  The p o i n t s  shown i n  f i g u r e  5, which 

extend beyond averaging t imes o f  10,000 seconds, represent the  

i n d i v i d u a l  performance o f  H3 i n  a three-way intercomparison. The 

r e l a t i o n s  f o r  determining the  s t a b i l i t y  o f  an i n d i v i d u a l  c l o c k  i n  

a three-way comparison i s  [7 ]  

Eq. 1 

The s l i g h t  r i s e  i n  u o f  H3 a t  averaging t imes o f  about 4 day and 

1 day a re  most l i k e l y  a t t r i b u t a b l e  t o  environmental e f f e c t s  (a 

d i u r n a l ) .  Day-to-day temperature and pressure changes appear t o  

e n t e r  a t  about the  1 x l e v e l .  Although the re  i s  some degra- 

d a t i o n  o f  s t a b i l i t y  f o r  t imes around 1 day, t he  longer  term s t a b i l -  

i t y  i s  on an improving t r e n d  as shown by the  l a s t  u p o i n t  a t  an 

averaging t ime o f  e i g h t  days (4 data samples). The eight-day value 
-15) o f  u i s  8.1 x (+- 5.6 x 10 

Y 

Y 

Y 
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Ffgure 6 and f i g u r e  7 show the  frequency f l u c t u a t i o n s  as a f u n c t i o n  

o f  time for H3. Figure 6 shows a comparision between H3 and NBS-4 

and f i g u r e  7 i s  t he  comparison between H3 and UTC(6600). A more 

graphic  comparative measure i s  t he  res idua l  t ime f l u c t u a t i o n s  i n -  

d i c a t e d  i n  f i g u r e  8 and f i g u r e  9. Over t h e  32 day data run, 

f i g u r e  8 shows the  t ime res idua l  ( taken from day-to-day epoch 

data) between H3 versus NBS-4. The t ime res idua ls  are the  i n t e -  

g ra ted  f r a c t i o n a l  frequency f l u c t u a t i o n s .  F igure 9 shows the  same 

p l o t  o f  t ime res idua ls  between H3 and UTC(6600). To a l a r g e  

ex ten t ,  t he  measurements o f  long-term s t a b i l i t y  are l i m i t e d  by the  

s t a b i l i t i e s  o f  NBS-4 and UTC(6600). The peak-to-peak t ime d i f f e r -  

ence o f  H3 versus NBS-4 i s  14 nanoseconds and t h e  peak-to-peak 

d i f f e r e n c e  o f  ti3 versus UTC(6600) i s  10 nanoseconds. For these 

l o n g  term data, t he  f l u c t u a t i o n s  are no t i ceab ly  smoother i n  the  

comparison t o  t h e  UTC ensemble o f  n ine Cs clocks.  The end p o i n t s  

f o r  these runs o f  data are d e l i b e r a t e l y  s e t  t o  r e t u r n  t o  zero t ime 

d i f f e r e n c e ,  thus removing an average frequency o f f s e t .  I n  t h i s  32 

day data se t ,  t he re  appears t o  be c o r r e l a t e d  frequency changes of 

p a r t s  i n  1015 w i t h  p e r i o d  o f  order  7 days. 

under f u r t he r study . 
This poss ib le  e f f e c t  i s  

Shor ter  term s t a b i l i t y  measurements ( f rom .I second t o  10,000 

seconds) on H3 and H4 c o n s i s t e n t l y  produced t h e  s t r a i g h t  s o l i d  

l i n e  shown on t h e  s t a b i l i t y  p l o t  o f  f i g u r e  5. This  i s  t he  whi te  

frequency behavior o f  t he  masers a t  1.7 x 10 I-’ and i s  the  

s t a b i l i t y  r e f e r r e d  t o  each i n d i v i d u a l  hydrogen maser. Th is  i n d i -  

v i d u a l  s t a b i l i t y  was based on t h e  three-way comparison among each: 

H 3 ,  H 4 ,  and NBS-4. NBS-4 has an i n d i v i d u a l  s t a b i l i t y  o f  about 

2.7 x 10 -12 $5 

F i r s t  at tempts t o  compare H3 wi th  H4 i n  a s t a b i l i t y  measurement 

uncovered a number o f  problems. These problems were e v i d e n t l y  
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associated w i t h  a c r o s s - t a l k  s igna l  which a f f e c t e d  the  phase o f  

t h e  output  o f  a maser when the  o the r  nearby maser was i n  operat ion and 

be ing  compared. V i r t u a l l y  i d e n t i c a l  hardware e x i s t s  i n  the  gener- 

a t i o n  of 1.420 GHz i n  each maser. Th is  i s  accomplished i n  each by 

m u l t i p l y i n g  a quar tz  c r y s t a l  o s c i l l a t o r  a t  4.93 MHz by 288. 

Non- l inear a m p l i f i c a t i o n  a t  var ious stages i n  the  m u l t i p l i c a t i o n  

cha in  generates a spectrum o f  l i n e s  extending from 4.93 MHz t o  

1.420 GHz. Two such m u l t i p l i e r  chains, l oca ted  w i t h i n  c lose  prox- 

imi ty  o f  one another, present  an oppor tun i t y  f o r  both t o  have a 

p r e f e r r e d  common phase, i f  the  two o s c i l l a t o r s  are very c lose  i n  

frequency. I n  the case o f  t h e  masers here, t he  frequency d i f f e r -  

ence between the  t w o  hydrogen masers i s  5 x o r  l ess .  S t ray  

rf coup l i ng  between o s c i l l a t o r s / m u l t i p l i e r s  created a type o f  

i n j e c t i o n  l o c k i n g  which was very troublesome. The m u l t i p l i e r s  were 

subsequently repackaged and a d d i t i o n a l  sh ie lds  app l i ed  around the  

i nput amp1 i f  i ers.  Thi  s has e l  i m i  nated the  p rob l  em. 

CORRELATION STUDY 

Long term measurements o f  environmental temperature and barometr ic 

pressure were made co inc iden t  w i t h  frequency i n  order  t o  determine 

t h e  1 eve1 o f  s e n s i t i v i t y  t o  these envi  ronmental e f f e c t s .  I n t e r -  

e s t i n g l y ,  t he re  i s  no perce ivable barometr ic pressure e f f e c t  t o  

t h e  1 x l e v e l  l i m i t e d  by t h e  l e n g t h  o f  t he  data set .  The 

barometr ic  pressure changed by 7% (maximum) d u r i n g  t h i s  32 day 

comparison. 

t h e  maser frequency a re  summarized i n  Table 1. 

Other parameters were adjusted and t h e i r  e f f e c t s  on 
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SUMMARY OF SMALL PASSIVE MASER PERFORMANCE 

EFFECT OFFSET INSTABILITY 

1. Spin Exchange 2 10- l~  2 10- l~  

2. Resonator Temperature < 3 1 0 - 1 4 / ~  2 I O - ~ ~ / K  

3. Magnetic F i e l d  3 10- l~  10- l~  

4. Power Dependence < 10- l3 /de 

S e n s i t i v i t y  

f o r  23 x T 
(f0. 3G) 

5. Phase Modulator D r i v e  < 10-13/de 

5 Frequency Stab i  1 i ty: 

D r i f t  vs. UTC(NBS): 
17 day measurement 
f o r  H3 and a l s o  H4 

gl. 7 x lO-”x’, 1 < ~ < 1 0  

7 f 20 x l0 - I6 /day  

TABLE 1 

D R I F T  

The long- term s t a b i l i t y  measurements presented i n  f i g u r e  5 represent  

a 32 day accumulat ion o f  data.  

o f  4 x lO- I5/day was removed. A f t e r  degaussing, another measurement 

o f  17 days was made which e x h i b i t e d  a d r i f t  vs UTC(NBS) o f  7 f 20 x 

10-16/day f o r  b o t h  H3 and H4. 

I n  t h i s  data,  a l i n e a r  d r i f t  term 

Based on separate long- term s t a b i l i t y  measurements made i n  a 

three-way comparison, t h e  d r i f t  o f  t h e  pass ive  hydrogen masers i s  

a t  most t h e  same l e v e l  as UTC(NBS) over  severa l  weeks a g a i n s t  

which i t  was compared. The u n c e r t a i n t y  i n  t h i s  l e v e l  i s  about 

2 x p e r  day over  severa l  weeks l i m i t e d  by t h e  day t o  day 

f 1 u c t u a t i o n s  o f  UTC(NBS). 
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The l a r g e s t  c o n t r i b u t o r  t o  the  o r i g i n a l l y  observed d r i f t  o f  t he  H3 

maser was due t o  the  d r i f t  i n  t h e  magnetic sh ie lds  a f t e r  moving 

t h e  maser from one l a b  t o  another w i thou t  degaussing. Degaussing 

i n  p o s i t i o n  apparent ly  removed the  d r i f t .  Environmental changes 

o f  temperature and pressure appear t o  a f f e c t  t he  maser s t a b i l i t y  

a t  t he  1 x l e v e l .  

CONCLUSION 

We have taken, and are con t inu ing  t o  take, in tercomparat ive f r e -  

quency s t a b i l i t y  measurements among f o u r  c locks;  passive H3 and 

H4 hydrogen masers and NBS-4 and UTC(NBS). No appreciable d r i f t  

above 2 x pe r  day has been detected. Some environmental 

s e n s i t i v i t y  (pressure and temperature) a f f e c t s  frequency s t a b i l i t y  

a t  about the  1 x l e v e l .  We have made considerable improve- 

ments i n  the  o r i g i n a l  small  passive maser design i n  the area o f  

increased maser-to-maser i s o l a t i o n  and increased environmental 

i n s e n s i t i v i t y .  The p r e l i m i n a r y  long-term s t a b i l i t y  measurements 

presented here i n d i c a t e  g rea t  p o t e n t i a l  f o r  t he  passive maser 

design as c locks.  For t h e  f i r s t  t ime, small  passive hydrogen 

masers w i l l  be c o n t r i b u t o r s  t o  the  NBS t i m e  scale.  I n  the  f u t u r e ,  

we p l a n  t o  deploy a f u l l - s i z e  hydrogen maser ( o f  passive design) 

a l s o  i n t o  the  t ime scale. The l a r g e  maser has the  p o t e n t i a l  t o  

perform w i t h  a s t a b i l i t y  o f :  

u (I) = 1-3 
Y 
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Fig.  1. 

Fig.  2. 

F ig .  3 

F ig .  4. 

F ig .  5. 

F ig .  6. 

Fig.  7. 

F ig .  8. 

F ig .  9. 

FIGURE CAPTIONS 

I n  t h e  passive mode, t h e  H-maser i s  n o t o s c i l l a t i n g .  The 
NBS H3 and H4 e l e c t r o n i c s  use two servo systems i n v o l v i n g  
t h e  narrow H- l i ne  and c a v i t y  separate ly .  

A small  c a v i t y  i s  r e a l i z e d  by t h e  a d d i t i o n  o f  low-loss 
alumina d i e l e c t r i c .  

The convent ional  H-maser storage bu lb  i s  e l im ina ted  and 
t h e  w a l l  o f  t h e  open center  i s  coated w i t h  Tef lon.  

Completed pro to type c a v i t y  assembly w i t h  f o u r  nested mag- 
n e t i c  sh ie lds .  

Frequency s t a b i l i t y  o f  small  H-maser based on 32 day com- 
pa r i son  s imul taneously  aga ins t  UTC(6600) and cesium stan- 
dard NBS-4. 

D a i l y  frequency o f  H3 vs. NBS-4 (average frequency o f f s e t  
removed). 

D a i l y  frequency o f  H3 vs. UTC(6600) (average frequency 
o f f s e t  removed. 

D a i l y  t ime o f  H3 vs. NBS-4 (average frequency o f f s e t  
removed). 

D a i l y  t ime o f  H3 vs. UTC(6600) (average frequency o f f s e t  
removed). 
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H-field is pinned by the 
the perturbed E-field 

A geometry is chosen so that 
the oscillating H-field 
does not reverse sign in the 
open bore 

No bulb is needed to confine 
the interrogated atoms to a 
volume of non-reversing H-field, 
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